Purpose: Small cell neuroendocrine carcinoma of the prostate is likely to become increasingly common with recent advances in pharmacologic androgen suppression. Thus, developing molecular markers of small cell differentiation in prostate cancer will be important to guide the diagnosis and therapy of this aggressive tumor.
Introduction
Small cell neuroendocrine carcinoma is an unusual and aggressive subtype of prostate cancer, accounting for 0.5% to 2% of all untreated primary tumors (1, 2) . Small cell carcinoma represents an extreme example of neuroendocrine differentiation in prostate cancer. The other end of the spectrum encompasses more typical acinar primary tumors, in which scattered rare cells expressing neuroendocrine markers can be found in 10% to 100% of adenocarcinomas of the prostate (3, 4) . Interestingly, autopsy studies have suggested that more extensive neuroendocrine differentiation (including small cell carcinoma) is present in up to 25% of lethal, widely metastatic cases (3) (4) (5) . This apparent selection for the neuroendocrine phenotype in end-stage disease is likely due to the fact that tumors with extensive neuroendocrine differentiation, like small cell carcinoma, are almost invariably castration resistant and typically lack expression of both androgen receptor (AR) and downstream targets of the androgen signaling axis (2, 4, (6) (7) (8) (9) (10) (11) (12) . Indeed, it is anticipated that recent improvements in pharmacologic options for androgen suppression therapy such as abiraterone and enzalutamide, which are even more effective at blocking AR signaling than traditional methods, will lead to a relative upsurge in small cell carcinoma cases in the near future (13) , making it especially important to fully understand the molecular and immunophenotypic underpinnings of this tumor type.
Both de novo and treatment-related small cell carcinoma cases commonly occur concurrently with typical acinar adenocarcinoma (1, 2) . We and others have shown limited molecular evidence of a clonal relationship between the two components based on the concordant presence of ERG gene rearrangements or TP53 mutations (12, (14) (15) (16) (17) ; however, it remains unclear how small cell carcinoma differs at a molecular level from its acinar counterpart. Indeed, delineating the unique molecular features of small cell carcinoma that distinguish it from acinar carcinoma would be useful for both diagnosis and potential therapy of this aggressive subtype. Accurately distinguishing small cell carcinoma from high-grade (Gleason pattern 4 or 5) acinar prostate carcinoma can be difficult based on morphology alone, and current immunohistochemical markers for neuroendocrine differentiation may be nonspecific (18) . However, this distinction is extremely consequential for clinical patient management as small cell carcinomas are often resistant to androgen deprivation therapy at the outset, and are at least temporarily sensitive to cisplatin-based chemotherapeutic regimens in contrast with acinar carcinoma (2, (6) (7) (8) (9) (10) (11) . Thus, identifying additional molecular differences between small cell carcinoma and acinar carcinoma would not only aid in accurate diagnosis of these lesions, but also provide additional potential therapeutic targets for this currently uniformly lethal tumor type.
Although prior molecular studies of prostatic small cell carcinomas have been limited, a number of studies of small cell carcinomas arising in other organs have suggested that loss of the RB1 and TP53 genes are extremely common events in this tumor type in humans, and these changes are sufficient to generate small cell carcinomas in the lung of mice (19) (20) (21) . Intriguingly, prostate-specific inactivation or deletion of these two genes in the mouse is sufficient to result in highly penetrant metastatic carcinoma with neuroendocrine features (22, 23) . In prostatic acinar carcinomas, loss of the RB1 and TP53 tumor suppressors does occur in a subset of primary tumors; however, PTEN is typically the most commonly lost tumor suppressor in this setting (24) (25) (26) . Here, we comprehensively examined the protein and genomic status of RB1, PTEN, and TP53 in a series of small cell and acinar carcinomas. We report that RB1 loss occurs virtually uniformly in small cell carcinoma of the prostate, a finding that may be useful in the future for both diagnosis and therapy of this tumor.
Materials and Methods

Tissue selection
A total of 29 specimens from patients with prostatic small cell carcinoma were retrieved from the surgical pathology and consultation files of the Johns Hopkins Hospitals from 1994 to 2008 as previously reported (12) . Nineteen cases (66%) were transurethral resections of the prostate (TURP), 8 (27%) were bladder, prostate, or rectal biopsies, 1 (3%) was a radical prostatectomy, and 1 (3%) was a liver metastasis. (Table 1 ). Prostatic origin was documented for the majority of cases using the following criteria: in 76% (22 of 29) of cases, a concurrent or prior history of prostatic acinar carcinoma was established, whereas 7% (2 of 29) of cases were diagnosed by positive PSA (prostate-specific antigen) immunostaining and 3% (1 of 29) had a documented negative cystoscopy. Thus, in the vast majority of cases, the small cell carcinoma arose in the setting of a current or prior acinar prostatic adenocarcinoma. Although 97% (28 of 29) of the tissue samples were from the prostate or contiguous sites (i.e., most likely nonmetastatic specimens), due to the fact that the majority of these cases were consultations, adequate clinical history was not available in 16 (55%) cases to determine which small cell carcinomas arose in the context of prior hormonal therapies (treatment-related neuroendocrine prostate cancer, t-NEPC). Overall, of the cases in which we did have clinical data, 7 (23%) patients had no prior history of therapy for prostate cancer and represented new diagnoses, 3 (10%) had a history of prior radiation treatment for prostate cancer, and 3 (10%) of the patients had a documented history of prior treatment with hormonal therapies.
A tissue microarray (TMA) was manually constructed from these cases as previously described (12) . In each case, a minimum of three 1.0-mm cores were punched from the small cell carcinoma component, the acinar carcinoma component (when present), and the paired benign prostatic tissue, with 3 to 18 cores from each patient represented on the array. Of note, 24% (7 of 29) of cases had a concurrent acinar carcinoma component present on the TMA.
For assessment of retinoblastoma (Rb) protein expression in high-grade acinar prostatic carcinoma cases unassociated with a small cell carcinoma component, 170 cases from previously described TMAs comprising several cohorts of high grade, high-stage prostate tumors were used (27) (28) (29) . Rb protein expression was also assessed on standard sections of an additional 15 cases of non-small cell primary prostatic carcinoma with neuroendocrine differentiation (including 6 cases of large cell neuroendocrine carcinoma) from the consultation files of the Johns Hopkins Hospital. Finally, Rb immunostaining was performed on standard
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sections of 13 samples of metastatic castrate-resistant prostate cancer that were previously characterized for RB1 copynumber alteration using a high-density single-nucleotide polymorphism array (Affymetrix 6.0 SNP microarray; Supplementary Table S1 ; ref. 30) . For validation of the nCounter Cancer Copy Number Variation panel at the PTEN and RB1 loci (described below), DNA derived from frozen tissue samples from 5 of these cases of metastatic acinar prostatic carcinoma in this series was used (30) .
Immunohistochemistry
Tissue sections were deparaffinized, rehydrated, and briefly equilibrated in water. Antigen unmasking was performed by either steaming in high-temperature target retrieval solution (Target Retrieval Solution; Dako) for 50 minutes (p53, Rb) or in EDTA for 45 minutes (PTEN). Endogenous peroxidase activity was quenched by incubation with peroxidase block for 5 minutes at room temperature. Slides were incubated with a mouse monoclonal anti-human p53 antibody (Clone DO-7; Dako; 1:400 dilution), a mouse monoclonal anti-human Rb antibody (Cell Signaling Technology; 1:100 dilution), or a rabbit antihuman PTEN antibody (Clone D4.3 XP; Cell Signaling Technology; 1:100 dilution). A horseradish peroxidaselabeled polymer (PowerVision; Leica Microsystems) was applied for 30 minutes at room temperature. Signal detection was performed using 3,3 0 -diaminobenzidine tetrahydrochloride (DAB) as the chromagen. Slides were counterstained with hematoxylin, dehydrated, and mounted.
Validation and scoring of immunohistochemistry
Rb, p53, and PTEN immunostains were scored in small cell carcinoma and the associated acinar carcinoma component by a urologic pathologist (T.L. Lotan). On the basis of the controls described in Results below, a case was considered to have lost Rb protein if any TMA spot showed loss (0þ staining) in >95% of the tumor nuclei. Positive nuclear staining in surrounding endothelial cells provided an internal control in most cases and a case was excluded if it lacked this endothelial staining. The immunohistochemical protocol and interpretation of staining for cytoplasmic PTEN protein detection were extensively validated using multiple genetic controls (cell lines and tissues) as described previously (31) . A case was considered to have lost PTEN protein if the intensity of staining in tumor cell cytoplasm was markedly decreased or entirely negative across all tumor cells compared with the surrounding benign glands and/or stroma in any given TMA spot. A given spot was dropped from the analysis if these benign areas lacked PTEN staining (internal positive control).
Accumulation of p53 protein is frequently associated with deleterious mutations in this tumor suppressor gene, which extend the protein's half-life. The immunohistochemical staining protocol for p53 was validated using prostate cancer cell lines with known TP53 mutations or lines that are known to be null for TP53 (32) . Using this protocol, DU145 cells that have two TP53 mutations stain positively, and PC3 cells that are TP53-null and stain negatively. Although there is no strict cutoff for the amount of p53 immunostaining that provides definitive evidence of an underlying mutation in TP53, a number of studies, predominantly in bladder cancer, used 10% as a cutoff. In the current study, we used an even more stringent cutoff: positive p53 overexpression was scored if any spot in a case showed strong expression (3-4þ) in >50% of tumor cells.
DNA preparation
For 13 of the 29 prostatic small cell carcinoma samples, there was adequate tissue available for DNA preparation. Between one and three 10-mm sections of formalin-fixed paraffin-embedded (FFPE) tumor tissue were deparaffinized and briefly rehydrated. Eleven tumor samples (11/ 13) were enriched for tumor by macrodissection using a 26-gauge needle under stereomicroscopic visualization guided by a contiguous hematoxylin and eosin (H&E) section. Two tumor samples (2/13) were subjected to laser capture microdissection using a Leica P.A.L.M. laser microdissection system (Leica Microsystems) according to the manufacturer's directions. All tumor samples were at least 80% pure by visual estimation using a contiguous H&E section. For each sample, genomic DNA was extracted by using the QIAamp DNA Micro Kit (Qiagen) following the manufacturer's directions.
Copy-number alteration analysis
Of note, 300 to 500 ng of genomic DNA from each small cell carcinoma sample was used according to the manufacturer's directions for NanoString nCounter Cancer Copy Number Assay (NanoString Technologies). This assay, optimized for DNA prepared from FFPE tissue samples, detects copy-number changes in 86 genes that are commonly amplified or deleted in cancer using 255 gene-specific probes and an additional 54 probes for invariant regions of the genome. DNA from five additional samples of metastatic acinar prostatic carcinoma (for which copy number alterations have previously been reported by high density SNP microarray) was also used for a validation set. Data analysis was performed using the nSolver Analysis Software (NanoString). Raw counts were first normalized to the average counts across probes to invariant regions to normalize for any differences in DNA input. The copy number for each probe was then normalized to the reference sample (Human blood genomic DNA; Roche) and the average copy-number call reported for each gene with a standard deviation (0-0.5 ¼ 0 copies; 0.6-1.4 ¼ 1 copy, 1.6-2.4 ¼ 2 copies; etc.). Probes for TP53 were unintentionally omitted from the version 1 NanoString assay, thus TP53 copy number was not available for the present analyses.
Next-generation sequencing
Ion Torrent Ion AmpliSeq Cancer Hotspot Panel v2 (Life Technologies) was used for sequencing hotspot regions in 50 frequently mutated tumor suppressor and oncogenes, covering approximately 2,800 COSMIC mutations in total. For this article, we focused on exonic regions of RB1 (the panel included 10 amplicons covering roughly 10 out of 27 exons: exon 4, 6, 10, 11, 14, 17, 18, 20, 21, and 22), TP53 (8 amplicons covering roughly 7 out of 11 exons: exon 2, 4, 5, 6, 7, 8, and 10), and PTEN (8 amplicons covering roughly 6 out of 9 exons: exon 1, 3, 5, 6, 7, and 8). Genomic DNA (10 ng input) from 13 out of the 30 prostatic small cell carcinoma cases was selected for the assay and Ion 318 chips were used for greater sample multiplexing. Ion Torrent Variant Caller, Ion Reporter, and Integrated Genomic Viewer (IGV; Broad Institute) were used for analyzing target mutations. Variant frequency was determined by the ratio of variant allele reads to total reads.
Sanger sequencing
Direct sequencing for exons 4, 5, 7, and 8 of TP53 was performed on PCR-amplified DNA from 13 paraffinembedded prostatic small cell carcinoma samples using established primers and protocols available at the IARC (International Agency for Research on Cancer) p53 Database website (http://p53.iarc.fr/Download/TP53_DirectSequen-cing_IARC.pdf). Both forward and reverse strands of the PCR product were subjected to sequencing. Sequence variants were verified on both strands as well as by sequencing an independent PCR reaction from the same sample. Sequence analysis was conducted using Mutation Surveyor (SoftGenetics). The predicted effect of the mutation (deleterious, nondeleterious) was determined using the IARC p53 Database (http://p53.iarc.fr/TP53GeneVariations.aspx).
Results
Validation of Rb immunohistochemistry assay
Immunohistochemical staining for Rb protein was validated by blindly scoring Rb protein status on a TMA constructed from 72 FFPE cell lines, predominantly from the NCI-60 panel (31) . Cell lines and samples were scored as negative for Rb protein if >95% of cells in all spots lacked Rb (0þ staining). In all, 5 (7%) cell lines completely lacked Rb protein by immunohistochemistry (IHC; Fig. 1 ). These included the only two cell lines on the TMA known to have complete homozygous deletions involving RB1: BT549 cells have a homozygous 343 base-pair deletion in the gene, and SF-539 cells have a 4 base-pair deletion, resulting in a frameshift mutation (33) . Of the three other cell lines that lacked Rb protein by immunohistochemical assay (SNB-75, OVCAR-8, and NCI-adr-Res), none have known mutations in the RB1 gene; however, all have previously been shown to be negative for Rb protein by Western blotting or reverse phase protein arrays (33) (34) (35) . In addition, seven cell lines showed reduced, but not absent, immunohistochemical staining for Rb protein (CAKI-1, DU-145, HCC-2998, Hep3B, MDA-PCA2b, NCI-H522, PrSc, and RWPE cells) defined as 1þ weak staining in >5% of cells. Of these, DU-145 cells are known to have homozygous deletion, resulting in a truncation of the protein at exon 21, and HCC-2998 cells have a heterozygous nonsense mutation in the gene (32, 33) .
Rb protein expression in small cell carcinoma and highgrade acinar carcinoma cases
Ninety percent (26 of 29) of prostatic small cell carcinoma cases showed Rb protein loss, compared with only 43% (3 of 7) of concurrent acinar carcinoma cases (Figs. 1 and 2, Table 1 ). In cases with concurrent small cell and acinar carcinoma components, 57% (4 of 7) showed concordance of the small cell carcinoma and acinar carcinoma components for Rb status, whereas 43% (3 of 7) showed presence of Rb protein in the acinar carcinoma component with loss of Rb in the small cell carcinoma component. Interestingly, where present, the acinar component typically showed weak or reduced staining similar to DU-145 cells ( Fig. 1) . Cases in which the acinar component had loss of Rb protein and the small cell carcinoma component retained the protein were not identified.
To assess whether the very high frequency of Rb protein loss is unique to small cell differentiation in prostate cancer, we assessed Rb expression in a spectrum of high-grade primary acinar carcinomas unassociated with small cell carcinoma, primary carcinomas with neuroendocrine differentiation, and metastatic castrate-resistant acinar carcinomas. First, we scored Rb expression in an additional 150 acinar carcinoma cases enriched for high-grade disease and occurring without concurrent small cell carcinoma that have been described elsewhere (27) (28) (29) . Gleason score was available in 108 (72%) of these cases: 11% (n ¼ (Fig. 1) .
In addition, we examined primary non-small cell acinar carcinomas with evidence of neuroendocrine differentiation. Because the pathologic classification of non-small cell neuroendocrine differentiation in prostate carcinoma was the topic of a recent consensus meeting and is currently undergoing revision (Mahul Amin, Mark Rubin, Himisha Beltran, Tamara Lotan, Juan-Miguel Mosquera, Victor Reuter, Brian Robinson, Patricia Troncoso, and Jonathan Epstein, in preparation), we used several definitions for this entity. First, we examined the frequency of Rb protein loss in primary prostate tumors diagnosed as "high-grade prostatic adenocarcinoma with neuroendocrine differentiation." Morphologically, these cases fell short of a diagnosis of small cell carcinoma, but showed focal architectural or cytologic features suggestive of neuroendocrine differentiation, combined with nonfocal (generally >20%) expression of either chromogranin or synaptophysin. Of these cases, 22% (2 of 9) showed Rb protein loss ( Supplementary  Fig. S1 ). Next, we examined cases of large cell neuroendocrine prostate carcinoma, characterized by large nests of tumor cells with peripheral palisading and often geographic necrosis, in which the cytology is that of non-small cell carcinoma (prominent nucleoli, vesicular clumpy chromatin and/or large cell size, and abundant cytoplasm). These tumors generally express at least one neuroendocrine marker and frequently lack prostatic/AR axis signaling markers. Of these rare cases, 17% (1 of 6) showed Rb protein loss (Supplementary Fig. S1 ).
Finally, we examined Rb protein status in usual prostatic adenocarcinomas with neuroendocrine differentiation established solely by nonfocal immunohistochemical expression of chromogranin and/or synaptophysin. Because as many as 100% of prostate acinar carcinomas can show focal expression of neuroendocrine markers, we arbitrarily defined this category as cases in which >20% of the cells expressed chromogranin and/or synaptophysin. Of the 170 high-grade acinar prostatic adenocarcinomas assayed for nonfocal chromogranin and synaptophysin positivity, 12% (20 of 170) met the criterion of neuroendocrine marker staining in >20% of the cells in at least one TMA spot. Of these cases, only 5% (1 of 20) showed Rb protein loss.
To determine whether Rb protein loss is specific to small cell carcinoma or simply a result of progression of disease, we also examined Rb expression in a series of metastatic castrate-resistant acinar prostatic carcinoma samples. Multiple metastases from these patients have been previously characterized for copy-number alterations at the RB1 locus using high-density SNP microarray (30) . Importantly, however, for Rb IHC studies, we did not have access to the identical tissue specimen characterized by SNP microarray, although in 7 cases (54%), we were able to analyze tissues from the same metastatic site as had been characterized by SNP microarray. Overall, 15% (2 of 13) of cases showed Rb protein loss (Supplementary Table S1 ). By SNP microarray, 23% (3 of 13) of the castrate-resistant cases had homozygous loss of RB1, although in two out of three of these cases, homozygous RB1 loss was heterogeneous among the five metastatic sites examined, strongly suggesting that complete loss of RB1 is a late event in metastatic progression. Concordant with this, Rb protein was lost only in the single case with homozygous deletion in all the four metastases examined, and was actually only focally lost in this metastasis, suggesting that both inter-and intrametastatic heterogeneity in Rb status is common in advanced prostate cancer ( Supplementary Fig. S1 ). An additional 38% (5 of 13) of the castrate-resistant metastases had hemizygous deletion of RB1. Of these cases, 100% (5 of 5) had hemizygous loss in all metastatic sites examined by SNP array and 20% (1 of 5) had Rb protein loss, albeit in a metastasis from a separate site as the ones characterized by SNP microarray. The remaining five cases (38%) were copy-number neutral for RB1, including two cases that had deletion of one allele, with amplification of the remaining allele (loss of heterozygosity). Of these, all were positive for Rb protein.
PTEN and p53 protein expression in small cell carcinoma cases
Sixty-three percent (17 of 27) of small cell carcinoma cases and 71% (5 of 7) of concurrent acinar carcinoma cases displayed PTEN protein loss (Fig. 2, Table 1 ). Of note, 86% (6 of 7) of the cases showed concordance in small cell carcinoma and acinar carcinoma components for PTEN status. One case showed retained PTEN protein in the small-cell component and loss in the acinar component. Fifty-six percent (14 of 25) of small cell carcinoma cases and 66% (4 of 6) of concurrent acinar carcinoma cases showed p53 accumulation (Fig. 2, Table 1 ). Sixty-six percent (4 of 6) of cases showed concordance in the small cell carcinoma and acinar carcinoma components for p53 protein status.
Assessment of RB1 and PTEN copy-number alteration
To determine the molecular mechanism of the high rate of Rb and PTEN protein loss among small cell carcinoma cases, we next assessed RB1 and PTEN gene copy number in 13 of the 29 small cell carcinoma cases with adequate tissue available for DNA isolation. To validate the NanoString nCounter Cancer Copy Number Assay for this purpose, we first tested the assay on the DNA purified from five previously described samples of metastatic prostatic adenocarcinoma for which copy-number alterations across the genome have been reported by high-density SNP microarray (Affymetrix Genome Wide Human SNP Array 6.0; 30). For four of these samples, the correlation between the PTEN copy number as assessed by NanoString assay and the Affymetrix SNP array was high (R 2 ¼ 0.85; Supplementary  Fig. S2 ). For the fifth sample, a partial homozygous deletion encompassing exons 2 to 9 of the gene was detected by both assays, with only the most 5 0 of the three NanoString probes to PTEN hybridizing to this sample (data not shown). Similarly, at the RB1 locus, the copy-number data from the NanoString Copy Number Variation assay and the Affymetrix SNP array was highly correlated across all the five samples (R 2 ¼ 0.92). Of the prostatic small cell carcinoma samples, RB1 allelic loss was detected in 85% (11 of 13), of which 73% (8 of 11) showed hemizygous loss and 27% (3 of 11) of cases showed homozygous loss at RB1 (Table 2) . Of the cases with RB1 allelic loss, 100% (11 of 11) showed Rb protein loss by IHC (Table 3 and Fig. 2 ). Of the cases without RB1 loss, 50% (1 of 2) showed Rb protein loss. At the PTEN locus, 38% (5 of 13) of prostatic small cell carcinoma cases showed allelic loss, with 80% (4 of 5) showing hemizygous loss and 20% (1 of 5) showing homozygous loss. Of the cases with allelic loss, 80% (4 of 5) showed PTEN protein loss, whereas only 50% (4 of 8) of cases without PTEN allelic loss showed PTEN protein loss (Table 4) .
Sequencing of TP53, PTEN, and RB1
Slightly more than half of the small cell carcinoma cases showed accumulation of p53 protein, indicating the possible presence of an inactivating mutation in TP53. To assess for TP53 mutations in a subset of 10 small cell carcinoma cases with adequate DNA available for analysis, we used a combination of next-generation sequencing via the AmpliSeq Cancer Hotspot Panel on the Ion Torrent (which includes 8 amplicons covering the most commonly mutated exons in the gene: exons 2, 4, 5, 6, 7, 8, and 10) and direct Sanger sequencing of exons 4, 5, 7, and 8. Because of limited DNA availability for some samples, six samples had both AmpliSeq and Sanger sequencing data available, whereas three samples had only AmpliSeq data available and one sample had only Sanger sequencing data available. Overall, 60% (6 of 10) of the small cell carcinoma samples showed mutations in TP53 (Table 2) , including one deleterious missense mutation in the DNA-binding domain in exon 5 (c.524G>A) that was seen in two separate samples and has been reported in multiple other tumor types and several families with Li-Fraumeni syndrome; one nonsense mutation in exon 5 (c.497C>A) that has been reported in a number of other tumors as well as tumor cell lines; a deleterious splice site mutation in intron 8 (c.919þ1G>A), and a missense mutation in exon 8 (c.817C>T), both of which have been reported in other tumors and in families with Li-Fraumeni syndrome. In addition, we found a novel missense mutation in exon 7 (c.695_696TC>AA) predicted to deleteriously affect the DNA-binding domain. Of the six samples subjected to both next generation and Sanger sequencing, five (83%) showed identical results by both assays, whereas one (17%) showed an additional mutation detected by next-generation sequencing that was not detected in the Sanger sequence of the same sample (the nonsense mutation in exon 5 of sample 7: c.497C>A; Table  2 ). Of the small cell carcinoma samples with a TP53 mutation detected, 66% (4 of 6) showed accumulation of p53 protein, compared with 25% (1 of 4) of the cases with wildtype TP53 (Table 5) .
As part of the AmpliSeq Cancer Hotspot Panel, we also examined the sequence of six of the nine exons in PTEN that are most frequently mutated (exons 1, 3, 5, 6, 7, and 8). Out of nine small cell carcinoma samples with available DNA, we found only one frameshift mutation in the C2 domain of exon 8 of PTEN (c.863delA) in a single sample (Table 2) . This mutation has been previously reported in several endometrial carcinoma samples as well as in a colon carcinoma sample; however, the functional significance is unclear (36, 37) . Interestingly, this sample had no detectable PTEN protein by immunohistochemical assay, despite two intact copies of the PTEN gene by NanoString analysis. Finally, we examined the sequence of 10 out of 26 exons of RB1 (exons 4, 6, 10, 11, 14, 17, 18, 20, 21, and 22) , and did not find any mutations in the nine samples analyzed (Table 2 ).
Discussion
Although de novo small cell carcinoma of the prostate is a rare disease, t-NEPC is expected to become increasingly common with the recent availability of more potent antiandrogen therapeutics for prostate cancer treatment (aberaterone, enzalutamide, and TAK700; ref. 13). Because both de novo small cell carcinomas and t-NEPCs are resistant to androgen deprivation therapies and transiently responsive to platinum-based chemotherapeutics (2, 6-11), accurate diagnosis of these entities and distinction from ordinary high-grade acinar prostate cancer is essential. Currently, the mainstay of pathologic diagnosis of small cell carcinoma is morphology (1, 18) . Small cell carcinomas typically possess the classic "oat-cell" morphology first described for their counterparts in the lung, accompanied by a high mitotic index and frequent apoptosis. However, diagnosis by H&E stain can be challenging and given the clinical consequences, use of an immunohistochemical panel to identify small cell carcinoma differentiation is frequently helpful. Unfortunately, neuroendocrine markers such as synaptophysin, chromogranin, and CD56 do not comprise an optimal marker panel for small-cell differentiation in prostate cancer, as they can be seen in up to 100% of acinar carcinomas in some series (38) . Other markers that are useful in clinical practice include absence of PSA or other prostatic marker positivity in approximately 80% of the cases (due to absence of AR expression), high ki-67 labeling index, and TTF-1 expression (18, 39, 40) . Recently, CD44 was also proposed as a potential marker (41) . However, given the rising prevalence of the disease and the lack of sensitivity and specificity of currently used IHC panels, identifying additional markers of small cell carcinoma and t-NEPC currently represents an important area of unmet clinical need.
A number of studies in human samples as well as transgenic mouse models have suggested that loss of the RB1 and TP53 tumor suppressors may be critical for the development of neuroendocrine carcinoma in multiple organ systems. Human lung small cell carcinomas were first shown to have frequent TP53 mutations as well as nearly universal loss of RB1 (19, 20) . Subsequent studies in mouse models showed that germline RB1 heterozygosity is associated with the development of neuroendocrine tumors in multiple organ systems (42) . Furthermore, conditional RB1 and TP53 loss are sufficient to cause highly penetrant small cell carcinoma in the mouse lung (21) . Recent studies have suggested that the cell of origin is likely neuroendocrine in this tumor model (43) . Similarly, in the prostate, activation of the SV40 large T-cell antigen (which inactivates all Rb family proteins and p53) has long been known to result in aggressive tumors with neuroendocrine features (22) . More recent studies have shown that although conditional RB1 loss alone is not sufficient to cause invasive prostatic carcinoma in the mouse (44, 45) , concurrent loss of RB1 and TP53 leads to highly metastatic neuroendocrine carcinomas with a small cell-like morphology, likely originating from the proximal prostatic ducts (23, 46) .
Despite the wealth of data for human lung and murine prostate tumors, ours is the first study to comprehensively evaluate the status of the RB1, TP53, and PTEN tumor suppressors in a large series of human prostatic small cell carcinomas. This is likely in part because these specimens are quite rare and almost uniformly FFPE. Most small cell carcinomas are first discovered in biopsies or TURP specimens (due to the aggressive nature of the disease, patients commonly present with urinary retention), and radical prostatectomy is contraindicated in these patients, making it difficult to collect frozen tissue specimens for analysis. However, recent improvements in genomic analysis from FFPE specimens have expanded our ability to cull genomic information from these small samples.
In the current studies, we took advantage of both NanoString and targeted next-generation sequencing technologies to examine the status of the RB1, TP53, and PTEN tumor suppressors. We found that Rb loss occurs nearly universally at the protein level in small cell carcinomas, suggesting that absence of this protein may provide a useful marker of small-cell differentiation in the prostate. In contrast, in high-grade primary or metastatic acinar carcinomas, even those with immunohistochemical or morphologic evidence of (non-small cell) neuroendocrine differentiation, Rb protein loss occurred in only a minority of cases. Because negative markers always run the risk of producing false negative results due to technical failures, and because it is not 100% sensitive for detecting small cell carcinomas, Rb IHC will likely be most useful as part of a larger panel of immunohistochemical markers for neuroendocrine differentiation, including synaptophysin, chromogranin, and markers of the AR signaling axis. As such, this panel of immunohistochemical markers would provide additional verification of small-cell differentiation in histologically indefinite cases. In addition, it is tempting to speculate that inclusion of Rb in this panel may also help to identify a clinically important subgroup of high-grade metastatic prostate tumors that show clinical resemblance to small cell carcinomas (including response to platinum-based chemotherapeutics), but lack apparent small cell or, in some cases, even neuroendocrine differentiation by conventional markers (47) . Although studies are currently underway to test this hypothesis, the results of our current work suggest the possibility that Rb loss in the context of an otherwise unremarkable non-small cell adenocarcinoma may presage the later development of small cell carcinoma or castrate-resistant prostate carcinoma with neuroendocrine differentiation, thus, serving as a predictive biomarker.
Our finding that Rb loss is common in prostatic small cell carcinomas is in agreement with a recent study that examined prostatic xenografts with varying degrees of neuroendocrine differentiation (48) . In this study, Rb protein loss was almost invariably seen in xenografts with evidence of high-grade neuroendocrine differentiation, and microdeletions at the RB1 locus were detected by microarray-based comparative genomic hybridization (aCGH) in many of these specimens. In 14 additional small cell carcinomas of the prostate, Rb protein levels were also markedly decreased. Adding to this study, we found that in contrast with small cell carcinomas, Rb loss at the protein level occurs in only 10% of high-risk acinar primary carcinomas, despite the fact that RB1 allelic loss occurs in 18% to 40% of these cases (24) (25) (26) 49) . Even in prostatic primaries with evidence of neuroendocrine differentiation (based on morphologic features and/or immunohistochemical expression of neuroendocrine markers), Rb protein was only lost in 11% of cases, overall. In part, this is likely because homozygous deletion is extremely uncommon in the setting of acinar primary tumors. In a recent study of high-risk primary tumors, only 1.6% or 2 of 125 of primary acinar cases showed homozygous deletion compared with 41.6% or 52 of 125 cases with hemizygous deletion (ref. 49 and Wennuan Liu, unpublished data).
Indeed, complete inactivation of RB1 generally occurs quite late in acinar tumor progression. In castrate-resistant prostate tumors, the gene expression signature for Rb functional loss is relatively enriched, compared with that in primary tumors (50) and up to 60% show RB1 hemizygous deletion (Supplementary Fig. S1 ; refs. 24, 26, 30) . However, the rate of homozygous RB1 deletion in castrate-resistant tumors does not exceed 20% in the current series (Supplementary Fig. S1 ; refs. 24, 26, 30) and we confirmed that Rb protein loss is seen in a similar minority of cases. Interestingly, in our series, of the cases with homozygous RB1 loss, only 33% (1 of 3) had homozygous loss documented in more than one of the multiple metastatic sites sampled within the case. This provides further support for the concept that homozygous deletion of RB1 is a relatively late-stage genomic alteration in acinar prostate cancer progression.
Although Rb protein loss is far more common in small cell carcinomas than acinar castrate-resistant prostate tumors, the mechanism of Rb protein loss in small cell carcinomas remains unclear. Despite complete loss of the protein in almost every case, homozygous loss of RB1 was also relatively rare in our series of small cell carcinomas, suggesting that alternative mechanisms of RB1 loss may be common in this tumor type. Importantly, the relatively large amounts of DNA required for the NanoString assay (500 ng) preclude microdissection of tumor samples for analysis, thus we cannot entirely rule out the possibility that contamination by surrounding benign glands and stroma confounded the copy-number call by the NanoString assay. However, all tumor samples were estimated to be >80% pure by macrodissection and complete loss of Rb protein expression was also frequently seen with low transcript levels despite the presence of one intact RB1 allele by CGH in the LuCaP castrate-resistant prostate xenograft series (50) . Another possible explanation for the apparent discrepancy between protein and copy-number assays for Rb in our study and others could be that the second allele is frequently inactivated by mutation in prostate tumors. Yet, in primary and metastatic acinar prostate tumors, RB1 is inactivated by mutation in less than 5% of cases in most series (24, 25) . In agreement with these data, we performed limited sequencing of RB1 using the AmpliSeq Cancer HotSpot Panel and did not find any mutations in the gene in small cell carcinomas. However, it is important to note that this panel covers only roughly 10 out of 27 exons from this large gene (exons 4, 6, 10, 11, 14, 17, 18, 20, 21, and 22) and it might be possible that we missed significant mutations in the second allele because of this limitation. Another alternative mechanism for RB1 inactivation could be epigenetic gene silencing. Although differential deoxycytidine methylation within CpG dinucleotides near the regulatory regions of the RB1 locus has been reported previously in castration-resistant prostate tumors, a recent study of neuroendocrine xenografts did not confirm this finding (48, 51) . Thus, it remains unclear how the second allele of RB1 is inactivated in small cell carcinomas.
In addition to RB1 loss, we also found that TP53 loss is common in small cell carcinomas, with protein accumulation and underlying detrimental mutation of the gene occurring in well over half of all specimens examined. Overall, our IHC results for p53 protein overexpression correlated quite well with the mutational status of the gene, as would be expected, given that TP53 mutations commonly extend the half-life of the protein. In some cases, TP53 mutations can also decrease the expression of the protein (52) , and this may account for a few cases in which we observed a mutation in the absence of protein accumulation. In the only previous study of p53 in a series of prostatic small cell carcinomas, Chen and colleagues found that p53 protein was overexpressed in 74% (23 of 31) of prostatic small cell carcinomas (53) . Interestingly, on sequencing, 5 of 7 of these tumors showed the same novel G747A missense mutation in the gene. Similarly, a case study of small cell carcinoma and associated acinar carcinoma showed an identical TP53 mutation in both components, supporting a common origin for the two tumors (17) . TP53 mutation can be seen in acinar prostate carcinomas, but it is less frequently present in primary tumors, occurring in less than 10% of specimens examined in recent reports (24) (25) (26) . However, in castrate-resistant tumors, it is substantially more common and can be seen in 30% to 40% of the metastases (24) . Thus, p53 accumulation at the protein level or evidence of TP53 mutations are not specific to small cell carcinoma, do not correlate with AR or neuroendocrine marker IHC and occur relatively commonly in advanced prostate cancer. Accordingly, it is unclear whether evidence of p53 inactivation or PTEN loss adds much information about potential small cell differentiation compared with Rb loss, which is seen nearly universally in this tumor type. Future studies will specifically examine whether p53 and PTEN are useful adjunct markers in combination with Rb.
A high proliferative rate is a key feature of small cell carcinoma in any organ, thus it may not be surprising that loss of critical cell-cycle regulators such as RB1 and TP53 is common in this tumor type in multiple organ systems. Active, hypophosphorylated Rb binds to and inhibits the function of E2F family transcription factors that promote S-phase entry. p53 similarly inhibits the G 1 -S cell-cycle transition upon DNA damage recognition. Along these lines, recent studies have suggested that other cell-cycle regulators, such as Aurora A kinase and UBE2C are frequently amplified or overexpressed in small cell neuroendocrine tumors (16, 48) . Of note, however, we did not find evidence of Aurora kinase A amplifications in our samples (n ¼ 13) by NanoString assay (data not shown). It is also important to point out that Rb protein can be inactivated by a number of nongenomic means, such as hyperphosphorylation following overexpression of cyclin D1, CDK4/6 or loss of p16, events that occur commonly in other tumor types (54) . Although we could not reliably examine Rb phosphorylation status in our FFPE samples, hyperphosphorylation of Rb most commonly results in overexpression of the protein, a finding we did not see in the small cell carcinoma cases (55) . Accordingly, we did not see evidence of high level CDK4/6 or cyclin D1 amplification in our small cell carcinoma cases by the NanoString assay, with only a few samples showing three copies of these genes (data not shown). This finding was not mutually exclusive with homozygous RB1 loss, suggesting it is of unclear significance (data not shown). In addition, recent reports suggest that cyclin D1 protein levels are low, rather than high, in this tumor type (48) . We did find hemizygous copy loss of CDKN2A (p16) in four small cell carcinoma samples, none of which showed homozygous RB1 loss; however, all of these cases were negative for Rb protein (data not shown), again making the significance of this finding unclear. Overall, our data suggest that Rb protein loss is overwhelmingly the preferential mechanism of Rb inactivation in these tumors.
The extraordinarily high frequency of Rb loss in prostatic small cell carcinomas suggests that loss of this tumor suppressor, perhaps in combination with inactivation of p53, may be an essential event in the development of this tumor type. However, other than increasing the proliferative potential of the tumor cells, it remains unclear what signals downstream of Rb and p53 loss mediate small cell differentiation. Because Rb protein loss occurs in the overwhelming majority of small cell carcinomas and is rarely seen in primary acinar carcinomas unassociated with a small-cell tumor, it is tempting to speculate that Rb loss itself may be a critical mediator of neuroendocrine transdifferentiation, as has been suggested by some studies in the lung (56) . However, it remains equally plausible that Rb is simply required to prevent the proliferative expansion of neuroendocrine cells in the prostate, and its functions in this capacity are less critical for nonneuroendocrine epithelial cells. If Rb loss is a prerequisite for the development of small cell carcinoma that is frequently AR-negative, this also raises the interesting question of how Rb function may interface with AR expression. Interestingly, studies performed in usual-type prostatic adenocarcinomas without small cell differentiation have supported the idea that Rb loss may actually increase AR levels and AR axis activity (50) . The fact that small cell carcinomas are most commonly ARand Rb negative strongly suggests that the effects of Rb loss may be highly context dependent, with differing outcomes in tumors with and without small cell neuroendocrine differentiation, as has been suggested by others (54) .
In sum, our data suggest that loss of the RB1 and TP53 tumor suppressors is common in prostatic small cell carcinomas, similar to their counterparts in the lung and other organs. Overall, genetic inactivation of these loci by allelic loss or mutation, respectively, was well correlated with validated immunohistochemical assays for these tumor suppressor proteins. Indeed, we found total loss of Rb in the vast majority of prostatic small cell carcinomas, with only rare loss in high-grade acinar carcinoma primary tumors, suggesting that as part of a panel, Rb protein loss is a potentially clinically useful marker of small-cell differentiation in the prostate.
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